Se reaction in the energy range was 103 ± 9 mb at 52 ± 1 MeV. Production size GaAs and arsenic metal (As°) targets were irradiated with 136 μA and 165 μA beam current possessing an initial Linac energy of 117 MeV. A total of 3.77 ± 0.1 GBq (102 ± 3 mCi) of 72 Se was produced from a GaAs target at a calculated target entrance energy of 105.4 MeV, and 13.8 ± 0.3 GBq (373 ± 8 mCi) of 72 Se from an As° target at a calculated incident energy of 49.5 MeV irradiated for 116.5 h and 68.9 h, respectively.
Introduction
Radioisotopes of yttrium, 86 Y/ 90 Y, were the first theragnostic-pair suggested for imaging and radiotherapy [1] . Two radioarsenic isotopes, 72, 77 As, are another excellent example of a theragnostic-pair that can be used for imaging and radiotherapy. The PET radioisotope ; t 1/2 -38 h) have half-lives well suited for use with slow-localizing biomolecules (e. g. peptides and antibodies) [2] . The use of no-carrier added radioarsenic has been fairly limited while the use of carrier-added radioarsenic has been extensively reported [3] [4] [5] [6] [7] [8] . Sparse reports on the use of no-carrier-added radioarsenic is in part due to its complicated redox chemistry. Under aerobic conditions, the reactive As(III) oxidizes to the unreactive As(V) state at low concentrations (1-5 mM) [9] . Additionally, the use of these radioisotopes as a theragnostic pair has been limited by the availability of 72 As, which must be available to adequately assess 77 As biodistribution. No-carrier-added 77 As can be obtained by irradiation of a natural or enriched germanium (GeO 2 As reaction at a nuclear reactor [10] [11] [12] [13] . Production of no-carrier added 72 As requires the use of a charged particle beam (proton, deuteron, or alpha) [14] [15] [16] [17] [18] . Arsenic-72 can be produced in a small cyclotron using a low energy (10-20 MeV) proton beam via the nat Ge(p, n) 72 As or 72 Ge(p, n) 72 As reaction, but the half-life of 72 As limits its availability to areas near the production facility. The thick target yield of 72 As with a low-energy (18 MeV) proton beam is low, 92.8 MBq/μAh (2.51 mCi/μAh at 1 μA for 1 h) and radioisotopic impurities such as 71 As (t 1/2 -65.3 h) and 74 As (t 1/2 -17.8 days) are more than 5 % [15, 19, 20] . The use of an enriched 72 Ge target may reduce the production of 74 As, however, long-lived 71 As will still be coproduced via the 72 Ge(p, 2n) 71 As reaction [21] . A more advantageous, and indirect route of 72 As generation is possible through the production of its parent nuclide 72 Se (EC; t 1/2 -8.4 days) [14, 22, 23] . Due to the favorable parent/daughter half-life ratio, this route offers the benefit of providing 72 As as needed at remote sites through a Se production were evaluated and discussed. Results of irradiations for thicker targets to produce larger quantities of radioselenium using GaAs, and As° targets are reported.
Experimental

General
Caution! Arsenic is toxic and therefore should be handled with care in a properly ventilated area with appropriate personal protective equipment. Caution! Radionuclides of arsenic, gallium, germanium, selenium, and sodium are produced and all work utilizing radioactive material was carried out using appropriate radiation safety procedures in facilities approved for such work. High-purity trace metal grade acids or bases (Sigma Aldrich, St. Louis, MO, USA) were used as provided. High-purity hydrogen peroxide (Optima™; Fisher Scientific, Pittsburgh, PA, USA), hydrochloric acid (Optima™) and nitric acid (TraceMetal™) were used without further purification. Any solutions used in processing were prepared using high-purity water produced in-house using a Millipore filtration unit (Merck Millipore, Billerica, MA, USA). International radiochemistry guidelines published by Coenen Heinz et al. were followed in this manuscript [42] . As(p, n) 75 Se nuclear reactions for proton energy up to 110 MeV were carried out using TALYS 1.4 and EMPIRE 3.1 (Rivoli) codes [43, 44] . The Hybrid Monte-Carlo Simulation (HMS) option was used as the preequilibrium model in EMPIRE 3.1 calculations. The TALYS 1.4 code was used without modification. Experimental measurements of the cross sections were carried out using GaAs thin foils individually isolated in bolted aluminum capsules as previously described [45] . Aluminum monitor foils were used for beam current measurements in each experiment.
Cross section measurements
Target design and irradiation parameters
Semiconductor quality (99.999 %) GaAs wafers (d × h = 2.0″ × 0.005″; 50.8 mm × 0.127 mm); AXT Inc., Fremont, CA, USA) were laser cut to a 1.0″ (25.4 mm) diameter at BNL. Thermal stability and decomposition temperature of the wafers were determined using a thermal gravimetric analyzer (TGA) on a Diamond TG/DGA unit (Perkin Elmer, Waltham, MA, USA). All data were collected under a N 2 atmosphere and up to 1000 °C (Supplementary Figure 1) .
High-purity aluminum foil (99.999 %; Alfa Aesar, Ward Hill, MA, USA) was placed in front of each GaAs wafer to measure the beam current via the well-known cross-section values for 27 Al(p, x) 22 Na [46] [47] [48] . The aluminum foil (d × h = 1.0″ × 0.001″; 25.4 mm × 0.025 mm) and GaAs wafer were isolated in a bolted target can. To ensure close to ideal thermal contact between foil, wafer and target window, a well was individually machined into each target body ( Figure 1 ). Cans were closed under a helium atmosphere in a laboratory glovebox.
Six irradiations were carried out with an incident LINAC energy of 117 MeV for 2 h at 40 μA to collect data at several energy points (Table 1 and Figure 2 ). Aluminum slabs were used for energy degradation. Energy propagation calculations of protons through the target array elements (e. g. beamline windows, cooling water, degraders, and targets) were carried out using either Linear Energy Transfer (LET) software LETCalc. or the Stopping and Range of Ions in Matter (SRIM) [49, 50] .
Target dissolution and data analysis
The quantities of the radionuclides produced were determined by dissolving the foils separately and assaying the resulting solutions by HPGe. In a typical experiment, the irradiated target was transferred to a hot cell within 1-2 h after end of bombardment (EOB), the target can opened, and the target transferred to a glass beaker and dissolved.
The GaAs wafer was dissolved in a 1:1 mixture of concentrated nitric acid and 30 % H 2 O 2 , quantitatively transferred to a 100 mL volumetric flask with 0.1 M HNO 3 and brought to volume. A precise aliquot of the resulting solution was extracted for analysis. Aliquots ranged from 20-75 μL to 0.5-1 mL for initial, and decayed time points, respectively. Aluminum foils were dissolved in a few mL of concentrated HCl and a few drops of concentrated HNO 3 , quantitatively transferred to a 50 mL volumetric flask with 18 MΩ H 2 O, brought to volume, and a 1 mL sample removed from each for analysis. All solutions were diluted to 3 mL and assayed (n = 2) shortly after dissolution. A second assay of the GaAs solutions was carried out ≥11 days after EOB (n = 2).
Radioassays involved counting an aliquot of the solutions on ORTEC HPGe detectors (ORTEC-AMETEK ® , Oak Ridge, TN, USA; relative efficiencies of 10-30 %). The aliquot was diluted with 0.1 N HCl to 3 mL in a plastic vial and positioned on a shelf located 15 cm from the face of the detector. Dead times ranged from 5-9 % to 9-22.6 % for initial and decayed time points, respectively. A NIST traceable standard containing a mixture of nuclides with emission lines covering the range 59-2000 keV was used for calibration. Additionally, a NIST traceable Eu-152 standard (using 344, 779, and 1408 keV γ rays) was used to verify energies and efficiencies. The acceptance criteria are as follows: the deviation of activity is ≤4 % from the standard value. The peak position deviation is less than 0.5 keV. Both a mixed gamma calibration standard and an Eu-152 standard were prepared and counted in the same geometry as the experimental sample. GammaVision-32 software (AMETEK; version 6.01) was used for detector calibration, spectra acquisition and processing.
Gamma ray energies, branching ratios, and half-lives of the nuclides were obtained from the National Nuclear Data Center (NNDC, Table 2 ) [51] . The measured activities of these radionuclides were decay corrected to EOB; the cross section values were calculated using the activation equation for isotope production with protons [52, 53] .
The beam current was calculated from the 22 Na activity produced in the aluminum foils using cross section data for the 27 Al(p, 2p3n) 22 Na reaction available from the literature [46] . Uncertainty in the measured cross sections was determined by propagation of uncertainty in the individual values. Uncertainties in the measurements were as follows: target thickness 2 % (both GaAs and Al foil), counting/detector efficiency (3-4 %), beam current (5-7 %), and pipetting/volumetric dilutions (≤1-2 %). Uncertainty in calculated energy values take into account the uncertainty of the incident Linac beam energy (±0.1 MeV; ~0.1 %), and thickness of the water gaps (±2 %). Degrading the energy results in a higher uncertainty in the calculated proton beam energy compared to tuning the Linac to a known, lower incident energy.
72
Se production targets
Target design and irradiation parameters
For large scale production, a high-purity (99.999 %) GaAs disk (d × h = 3.0″ × 0.020″ or 76.2 mm × 0.508 mm; American Elements, Los Angeles, CA, USA) was laser cut to 2.375″ (6.0325 cm) diameter and isolated in an aluminum capsule ( Figure 3 ). The capsule consisted of an aluminum ring (d = 2.750″; 69.85 mm) with a machined window (thickness = 0.080″; 2.032 mm). This arrangement formed a pocket where the GaAs disk was placed. The other window (0.020″; 0.508 mm) was laser-beam welded in a helium atmosphere (EB Industries, Farmingdale, NY, USA). The target was irradiated for 116.5 h (4.85 days) at a calculated proton energy range of 105.4 → 104.2 MeV with an average current of 136 μA, yielding a total accumulated charge of 15,883.8 μAh (Table 3) . Similarly, a high-purity (99.999 %) arsenic metal sputtering target (~9.5 g, d × h = 2.375″ × 0.032″; 76.2 mm × 0.508 mm from American Elements, Los Angeles, CA, USA) was isolated in an aluminum capsule of a similar design to the GaAs target described above. The As° sputtering target was irradiated for 68.9 h (2.87 days) at a calculated proton energy window of 49.5 → 46.8 MeV with an average current of 163.5 μA, and total accumulated charge of 11,247.8 μAh ( Table 3 ). The incident proton energy (117 MeV) was degraded by placing the As° target behind a RbCl production target. For both irradiations the instantaneous beam current was measured by a beam current transformer and beam current integrator to measure the current over the entire irradiation in μAh.
Target dissolution and analysis
Following irradiation, the targets were handled similarly: capsule was cut open, target was removed and transferred to a beaker, and slowly dissolved in 1:1 concentrated nitric acid and 30 % H 2 O 2 (~25 mL each for the GaAs target) or 30 % H 2 O 2 (~60 mL for the As° target). The volume was reduced by evaporation on a hot plate at 80-90 °C (CAUTION! Selenium and arsenic are easily volatilized when heated excessively). The remaining GaAs target solution, approximately 25 mL, was quantitatively transferred to a 250 mL volumetric flask using 0.1 M HNO 3 , brought up to volume, and three aliquots were taken for analysis by HPGe. After dissolving the arsenic target slowly in 30 % H 2 O 2 , 14.5 M NH 4 OH (42 mL of 28 % w/w NH 3 ) was added prior to reducing the volume to approximately 25 mL, whereby the solution was quantitatively transferred to a 250 mL volumetric flask with 0.1 M NH 4 OH, brought up to volume, and three aliquots taken for analysis by HPGe.
Results and discussion
Cross-section measurements
Choice of the target material
During irradiation the targets were cooled by a forced water system requiring isolation of the target material. Therefore, the cross-section measurement foil and aluminum monitor foil were hermetically sealed in an aluminum can. This press foil design results in reduced heat conductance and thus increased target temperatures due to the imperfect contact between the layers (target window, Al monitoring foil, and cross section measurement foil). Hence, thermal stability was the main parameter that governed the choice of material. Easily obtained, commercially available arsenic containing materials (i. e. InAs, GaAs, AlAs, and As°) with suitable thermal properties were identified as possible target materials. The latter three were selected for evaluation by TGA based on their thermal conductivity and higher abundance of arsenic (Table 4) .
Gallium arsenide and aluminum arsenide were found to be stable at high temperatures of up to 1000 °C. The GaAs was stable up to 1000 °C, which is in agreement with the literature [54] . Two weight loss changes were observed in the AlAs TGA thermal curve. The first from 175 to 225 °C likely corresponds to the loss of unbound water (~1.5 %). The second was observed from 325 to 425 °C likely due to the loss of bound water (~4 % loss) and not sublimation of arsenic. AlAs was determined to be thermally stable up to 1000 °C but requires annealing prior to irradiation. There are no literature reports on the thermal decomposition of AlAs however this material may decompose similarly to GaAs. Elemental arsenic was stable up to ~450 °C, at which point it sublimed. A 100 % weight loss was observed from 450 to 550 °C, which is consistent with literature reports [55] .
Target design, irradiation parameters, and foil dissolution
Both the GaAs and Al foils were sufficiently thin, 0.005″ (0.127 mm) and 0.001″ (0.0254 mm), so that proton energy degradation across the thickness of the foil was considered negligible. Using the typical variability of the BLIP beamline's incident energy (±0.1 MeV) the uncertainty of the incident energy was propagated through the foils. Uncertainty of the beam varied by 0.1-0.3 MeV for high and lower energy targets, respectively. Ultimately the uncertainty values were rounded to ±1 MeV to be conservative. GaAs foils were very brittle and in some instances were recovered in large pieces from the bolted aluminum cans. The fractures may have occurred upon can opening as this was done remotely with hot-cell manipulators. The beam current on the GaAs targets was determined to be 18-38 μA based on the Al monitor foils assay. Dissolution of the GaAs in concentrated nitric acid and 30 % H 2 O 2 (1:1) was rapid and exothermic. It is advisable to add each in small amounts and in sequence, repeating as needed until dissolved, while stirring to better control the reaction. Gamma spectroscopy assays were carried out within one day, and at 11 days post-irradiation to determine the production of short-and long-lived radionuclides, such as 73 Se, and 72, 75 Se, respectively.
Production of radioselenium (
72/75
Se)
Se activity can be quantified directly using the gamma emission at 45.9 keV (57.2 %), however, the γ ray of its daughter 72 As (E y -834 keV; 81 %) was used for analysis. The target solution was assayed for The experimental data agrees with the theoretical data generated by TALYS 1.4 and EMPIRE 3.1 (Rivoli) codes (Figure 2 ) in that the maximum cross section value for 72 Se occurs at a proton energy around 45 MeV (TALYS) to 50 MeV (EMPIRE). However, the experimental data demonstrates a difference of a factor of two at the cross-section maximum at 50-55 MeV (103 mb experimental vs. 50 mb theoretical) [14] .
Selenium-75 is coproduced over the entire energy range shown in Figure 2 , with lower production rates above 50 MeV. Excitation function for the 75 As(p, n) 75 Se reaction reaches a maximum of ~900 mb centered at 11 MeV [14, 39, 40] . Cross section values decrease from 26 mb to 15 mb from 52 to 105 MeV. Theoretical calculations yielded values close to experimental at proton energies ≤30 MeV, and under-predicted at higher proton energies [31] .
Production targets 3.2.1 Gallium arsenide target
The choice of materials for production was governed by the same criteria as described above for cross section measurements. Additionally, the difficulty level of chemical processing and abundance of arsenic in the target material were considered. Irradiation of a GaAs target was initially carried out mainly due its high thermal stability and existing experience with foils dissolution. Upon opening the capsule it was observed that the GaAs target material was reduced to a powder. The GaAs target was likely reduced to powder by mechanical stress exerted by the pulsed beam at BLIP. The target station is located 30 feet underwater, which creates 1 atmosphere of additional pressure on the target window and may have been a contributing factor to the observed stress on the target.
After dissolution, volumetric dilutions, and sampling (n = 3), it was determined that 3.8 ± 0.1 GBq (102 ± 3 mCi) of 72 Se and 0.207 ± 0.007 GBq (5.6 ± 2 mCi) of 75 Se were produced at EOB, which is in excellent agreement, 93 % and 94 % of theoretical, respectively. The theoretical yield was calculated by dividing the target into 18 equal layers and determining the expected beam energy within each layer using LETCalc [49] . The activity produced in each layer was calculated from inputting the average expected energy within each layer into a polynomial fit of the experimental nuclear cross section values obtained from 52 to 105 MeV. 
Arsenic metal target
To simplify chemical processing and increase the production of 72 Se, an arsenic metal target was irradiated. Arsenic metal has a similar density and thermal conductivity to GaAs however, it decomposes at a much lower temperature 450-550 °C vs. ≥1000 °C. After irradiation, the As° target was removed mostly intact in a similar manner to the GaAs target above. An EOB yield of 13.80 ± 0.30 GBq Se production yield can be explained by the fact that energy on the As target may have been lower than desired for maximum production. This can be attributed to the uncertainty in the density of the RbCl targets located upstream of the As target. In the energy propagation calculations, the density value for RbCl was assumed to be 2.2 g/cm 3 , corresponding to the RbCl being almost entirely molten in the beam. However, the actual extent of melting in the RbCl targets is unknown. We have determined experimentally that the density of a pressed RbCl target prior to irradiation varies between 2.67 and 2.74 g/cm 3 . The beam energy range for the arsenic target falls from 49. 
Conclusion
Excitation functions for 75 As(p, xn) 72 Se in the 52-105 MeV energy range revealed a cross-section maximum of 103 ± 9 mb at 52 ± 1 MeV. After these measurements the routine production of substantial quantities of 72 Se for 72 As production through irradiation of arsenic-containing targets at medium to high energy were determined. Tens of GBq (hundreds of millicuries) of 72 Se could be produced at the BLIP using a GaAs or As° target. Future work will include the irradiation of an As° target within an optimal proton energy window of 45-60 MeV, development of a chemical process to separate 72 Se from the bulk target material, and packaging of the recovered 72 Se into an easy-to-use generator system in an effort to distribute 72 As as a PET imaging agent at sites remote from the production facility. He-particle induced nuclear reactions on natural germanium: evaluation of production routes for 73 Se. Radiochim. Acta 50, 27 (1990 
